Reactive ion etching (RIE) systems using capacitively coupled plasma (CCP) and inductively coupled plasma (ICP) sources with SF6 gas have been developed for deep silicon machining with high aspect ratio. The developed RIE systems demonstrated high etch rate (2.3 and high selectivity (1700) for a sputtered nickel mask in silicon etching. A large capacity turbo molecular pump (TMP) with a small etching chamber was used to realize a low pressure with a high flow rate of etching gas. A circulatory cooling apparatus was used for cooling a silicon wafer. Etch rate showed uniformity within 10% for the area of 50cm2. Using the RIE system, we succeeded to etch a thick silicon wafer vertically through the thickness with an aspect ratio greater than 10. The RIE can be applied to fabricate three-dimensional silicon microstructures.
Introduction

Micro
Electro Mechanical Systems (MEMS) fundamentally require a bulk anisotropic silicon etching to realize three-dimensional microstructures. Although wet anisotropic etching process possesses high etch rate and selectivity, it has suffered from drawbacks of silicon crystal orientation dependency and sticking of microstructures due to meniscus force during drying process. On the other hand, reactive ion etching (RIE) technology is a subject of considerable attention with a view to overcome limitations of the conventional wet etching especially in the field of MEMS.
Recently, there is a diverse range of plasma sources available for deep silicon RIE, including magnetron, electron cyclotron resonance (ECR), inductively coupled plasma (ICP) and so on. Several experimental results with improved characteristics of RIE technology have been reported. Tachi and Tsujimoto reported low temperature high speed directional dry etching for VLSI using SF6 gas ECR plasma source [1] . Keller et al reported ICP processing techniques [2] . However, there has been a few report of achieving high silicon etch rate, high aspect ratio and high silicon/mask selectivity in RIE process simultaneously. Cryogenic deep RIE of silicon using SF6 gas has been reported by Esashi and Craven et al [3] [4] [5] .
In this paper, RIE technologies using capacitively coupled plasma (CCP) and inductively coupled plasma (ICP) sources were studied with respect to deep RIE of silicon. conductivity, silicone grease was used between the wafer and the cathode. To achieve higher and more uniform plasma density, a rotary Sm-Co permanent magnet was placed on the grounded upper electrode in case of CCP, as can be seen in Figure 1 [6] . A gap between the cathode and the upper electrode was kept approximately 15mm. Height of the gap is adjustable. An annular gas inlet was used around the cathode for uniform gas supply.
A large capacity turbo molecular pump (TMP) with a pumping speed of 300l/sec was under a small etching chamber with maximum evacuation conductance to realize a high flow rate of etching gas with low chamber pressure [7] .
Flow rate of the etching gas was controlled by a mass flow controller.
A differential pumping type quadruple mass spectrometer was also attached to the chamber in order to monitor the RIE environments. Figure  2 shows a schematic diagram of the ICPRIE apparatus. Two RF generators of 13.56MHz were connected via matching units to a water cooled one-turn coil for generating a plasma and to the cathode for driving self-bias voltage, respectively.
The coil was separated from the plasma by a dielectric window on which a permanent magnet is placed to confine the plasma. All the parts except the plasma generating ones were almost same with the CCPRIE system mentioned above.
Experimental
Results Figure 3 shows normalized side etching and self-bias voltage as a function of RF power density in the CCPRIE system. As expected, the self-bias voltage was increased with the RF power density [8] . A rise in the applied RF power density from 1.0 to 3.5W/cm2 decrease the normalized side etching from 0.05 to 0.01. This seems to be due to the fact that the direction of incident ion becomes more perpendicular to the wafer with rising the RF power density, which result in decreasing the normalized side etching. Etching a silicon using SF6+O2 gas mixture was studied to improve the normalized side etching much more. Addition of small amounts of oxygen to a SF6 plasma is known to increase the F-atom density in the discharge dramatically by dissociating SF6 molecules and etch rate as well [9] . At higher oxygen content, a passivating inorganic SixOyFz film is formed rapidly on the silicon surface and the etch rate is controlled primarily by the thickness of this layer rather than the F-atom density. In Figure 4 , Si etch rate and electroplated nickel mask selectivity as a function of oxygen flow rate in the CCPRIE system are shown. As the oxygen content is increased, the etch rate reaches a maximum and gradually decreased. The selectivity decreases with the oxygen flow rate. As the amount of oxygen increases, the increased passivation film thickness decreases Si etch rate and result in decrease of mask selectivity.
In Figure 5 , SEM photographs of silicon trenches for various oxygen contents per SF6 gas are shown. Horizontal etching is dependent on the thickness of the passivation layer. The thickness of the passivation layer is a function of oxygen density, the ion energy, and the local temperature. In case of 0% oxygen, considerable side etching is observed due to insufficient side wall passivation. The best trench profile was achieved in the contents of 20% oxygen per SF6 flow rate. A trapezoidal profile will be achieved with the excess oxygen flow rate. etched through the thickness are shown. It was performed in optimized condition of the oxygen content. The oxygen content needs trade-off between the etch rate and the normalized side etching, which is related to passivation [10] .
Si etch rate and Si/Ni selectivity as a function of RF power density was studied using the CCPRIE system, which can be seen in Figure 7 . As mentioned above, the Si etch rate increases with the RF power density while the Si/Ni selectivity decreases. The nickel mask used in the CCPRIE system was made by electroplating. The mask is mainly etched by physical bombardment of incident ion. Therefore, the selectivity of the Ni mask is decreased with the RF power, because as the RF power increases, the ion energy increases. The Si/Ni selectivity decreased from 270 to 40 with an increase in the applied RF power density from 1.0 to 3.5W/cm2. This result indicates that etching with low ion energy is effective for good mask selectivity.
Several experiments have been also performed using the ICPRIE system. The ICP source can be easily obtained high plasma density while maintaining low ion energy, resulting high silicon etch rate and mask selectivity. Plots of Si etch rate and sputtered Ni mask selectivity as a function of that the self-bias voltage is approximately independent of the inductive power, for the bias/inductive power ratio of less than 1 [2] . In our experiments, the range of the bias/inductive power ratio was from 0.3 to 1. 
